The production of efficient, tunable, and switchable circularly polarized laser emission would have far reaching implications in optical communications or biophotonics. In this work, it is demonstrated the direct generation of circularly polarized (CP) laser emission in achiral and isotropic dye laser systems without the use of extracavity polarizing elements, and without resorting to chiral dyes, chiral liquid crystal matrices, or interferometric methods. The origin of this ellipticity arises from the dynamic birefringence induced by the strong and polarized laser pumping and the subsequent orientation anisotropy of the excited molecular dipoles. A complete polarimetric characterization of the polarization state of conventional dye laser oscillators as a function of different experimental parameters is performed and it is shown that the generated light always possesses a certain level of circularity that changes in a distinctive way with pump energy and polarization. These results demonstrate that it is possible to generate and modulate CP laser light from efficient and photostable conventional laser dyes.
. Going one leap further, the direct generation of tunable and circularly polarized laser radiation is an essential step to promoting the implementation of chirality-based microscopy [8] [9] [10] as an envisaged technology which would enable improved resolution in the omnipresent biological chiral environments.
Up to date the most common approaches for directly generating visible, tunable and circularly polarized laser radiation involve either the use of inherently chiral media, such as dye-doped cholesteric liquid crystals [11] [12] [13] [14] [15] , or the periodic spatial modulation of the refractive index of achiral media (dye-doped solution in liquid and solid phase) induced by interfering two circularly polarized laser beams from the output of the same laser [16] [17] [18] . A more recent strategy focuses on the design and synthesis of chiral organic dyes enabling highly efficient, stable and tunable broad-line-width laser emission 19, 20 . In fact, chiral organic laser dyes encompass a high technological potential, mainly related to the properties associated to their small size, and their excellent organic-solvent solubility. However, the development of chiral-laser organic dyes has been scarce because these systems have intrinsically two serious limitations: (1) require high enantiopurity, usually associated with entangled synthetic protocols that raise the cost of the emissive material, and (2) absolute luminescence dissymmetry factors |g lum | extremely small (typically between 10 −5 -10
−2
). To develop CP laser technologies to its full potential, we designed a new strategy to laser-induced chirogenesis in achiral isotropic media with the aim to simultaneously overcome the limitations imposed by the synthesis of bespoke chiral dyes, and the complexity associated to engineered CP laser in achiral gain media by the spatial modulation of the index-grating induced by interfering two polarized pump beams. In this article, we report an unprecedented strategy to generate and modulate efficient and photostable CP laser emission from achiral laser dyes commercially available dissolved in achiral isotropic solvents and transversely pumped in a plane-parallel cavity without involving either laser beams interference or optical-chiral elements, in contrast to the previous approaches. We have performed a complete polarimetric characterization of the polarization state of conventional dye laser oscillators and identified the key factors governing the CP-laser generation, analyzing its dependence on experimental parameters such as the energy and polarization of the pump laser, the dye structure, the solvent viscosity or the cavity configuration. We unveil the experimental conditions under which achiral laser dyes enable highly efficient (70%) and circularly polarized laser emission, quantified by g lum factors up to ~0.5, 100-fold higher that those registered up to now from small, non-polymeric and non-aggregated chiral organic dyes 19, 20 , and approaching those exhibited by the weakly emissive lanthanide complexes [21] [22] [23] . Our present results demonstrate that the unique properties of laser radiation are sufficient to manipulate the physical behaviour in materials as to transform achiral organic dyes into an enantiopure-like system without altering its chemical identity. In this way, our strategy is a powerful approach to open new avenues for developing cost-effective and easy processable chiro-photonic elements and media.
Polarimetry Formalism
The global polarization state of a given arbitrary beam can be described in terms of the Stokes parameters S i (i = 0, 1, 2, 3) 24 , which are related to the beam energy (E out ), the degree of polarization (DOP), and the orientation (ψ) and ellipticity (χ) of the polarization ellipse as: For convenience, we have included in equation (1) the degree of circular polarization (DOCP), which will be used along the text. To measure the Stokes vector, we have used a home-made polarimeter with a rotating polarizer (or analyzer) and a static λ/4 retarder, a Fresnel rhomb in our case (see Fig. 1 ), and applying the Mueller matrix formalism 25 (See Supplementary Notes for a complete description of the method). To retrieve S 0 to S 3 two sets of measurements must be performed. The first set corresponds to the energy of the beam after it has crossed the polarizer as a function of the polarizer transmission axis angle θ, which follows the expression: where T p is the polarizer transmission. The second set corresponds to the energy of the beam after it has crossed first the λ/4 retarder with its fast axis at a given angle β (~π/2) and then the polarizer as a function of θ. In this case, the output energy will depend on θ as: where T p,λ/4 is the polarizer/rhomb combined transmission. A simultaneous fit of equations (2) and (3) to the first and second sets of data, respectively, will provide S 0 to S 3 as fitting parameters. Once the Stokes parameters are known, the polarization state in terms of E out , DOP, DOCP, ψ and χ, can be calculated using equation (1) . There are alternative parameters to account for the degree of circularization or ellipticity of a given light beam. For example, the works dealing with Circularly Polarized Luminescence 8, 9, [19] [20] [21] [22] [23] (CPL) make use of the so-called dissymmetry factor g lum , which is minus twice the degree of circular polarization (DOCP) as defined in equation (1) . g lum will be as well evaluated in our work.
Experimental Results
Once the polarimeter was adjusted and calibrated (see Methods), we proceeded to evaluate the dye laser properties (efficiency and polarization state) as a function of pump polarization and energy. Four different and representative pump polarizations were used throughout the paper, namely, linear vertical or perpendicular to the cavity axis (↕), linear 45° over the horizontal (↗), linear horizontal or parallel to the cavity axis (↔), and left handed (↺) circular. We observed that the handedness of the circularly polarized pump did not affect the output polarization state. Consequently, we will focus through the rest of the paper only on the left handed (↺) circular polarization. Something analogous happens with the pump linearly polarized at 135° and 45°. As lasing medium we chose a dissolution of the achiral laser dye PM567 at a concentration 5×10 −4 M with ethyl acetate (EtOAc) as solvent. Figure 2 shows the output laser energy and efficiency (ratio of output and input energies) and the laser spectra as a function of both pump polarization and energy. Regarding the pump polarization effects, the best laser performance is obtained pumping with a vertical polarization, but not by far. In fact, as was previously reported 26 , the efficiency and the laser spectra, peaked at 565 nm (Fig. 2) , are quite insensitive to the pump polarization state, at least for our cavity configuration and sample.
All the other polarization state parameters (DOP, DOCP, 2ψ, 2χ, and g lum ) are indeed sensitive to pump polarization. Figure 3a shows a particular example of the polar graphs obtained for each of the pump polarizations at a given pump energy. The most evident change in these graphs concerns the DOP, which follows the expected behaviour 27, 28 going from almost unity (totally polarized), when the pump polarization is vertical, to almost zero (fully depolarized) when the pump polarization is horizontal, and rendering a partial polarization for both linear 45° and left-handed circular pumping (see Fig. 3b ).
At this point, it must be noted that most experimental works on conventional dye lasers only account for the intensity and DOP of the output emission [28] [29] [30] [31] , and these define the DOP as (I max − I min )/(I max + I min ) where I max and I min are the radiation intensities recorded through the analyzer (in the absence of a λ/4 retarder) at the two mutually orthogonal positions corresponding to the maximum and minimum output intensities. This expression would render a DOP = 0 for fully circularly polarized light, being a paradox and a source of errors in data interpretation, revealing the need of using an adequate polarimeter to study the polarization state of lasers.
Coming back to the results on Fig. 3 , the DOP depends on both pump polarization and pump energy as it is well-known [26] [27] [28] [29] [30] [31] [32] . Whereas the trend with the pump polarization state is always the same irrespective of the pump energy (DOP ↕ > DOP ↺ > DOP ↗ > DOP ↔ ), at low pump energies the emission is consistently less polarized than above saturation (~3 mJ), when the DOP stops increasing, in agreement with previous theoretical and experimental works 31, 32 . This is related to the molecular rotation that takes place upon excitation, as will be detailed in the discussion section. Figure 3 also shows that pump energy and polarization have an effect on the behaviour of the rest of polarization state parameters. It can be seen that the polarization state is oriented around the vertical (2ψ ~ 3.27), except for horizontally polarized pump, in which case orientation is difficult, if not meaningless, to define, with errors much larger than the values themselves. The vertical orientation of the emission polarization is also well-known 27 , and finds an explanation similar to the reasoning about the DOP. Nevertheless, for every polarization, the value of 2ψ depicts a non-trivial non-periodic oscillation as the pump energy increases (Fig. 3b) . We are not aware of any previous work reporting this behaviour.
The most striking and novel result of this paper is the change in the ellipticity of the polarized light with the pump energy and polarization. The visual inspection of the polar plots in Fig. 3a not always distinctively reveals the presence of elliptically polarized light, whereupon is better to resort to the values of 2χ obtained from the fitting procedure. In this regard, it is clear from our results (Fig. 3b) that, far from being zero (as would happen with linearly polarized light), 2χ oscillates from positive (right-handed) to negative (left-handed) and back depending on the pump energy. In addition, the oscillation behaviour and levels of 2χ depend on the pump polarization state. For example, for the vertical pump polarization those values range from a mere −0.01 rads to almost 0.1 rads; i.e., it presents a modest level of ellipticity. As a reminder, 2χ can range from π/2 for right-handed circularly polarized light to −π/2 for the left-handed one. Significantly, when the pump is horizontally polarized, the output emission may reach a remarkable 2χ value of 1 rad, i.e., almost circularly polarized. But care must be exercised with these values, as it does not suggest that the polarization state of the dye laser emission is highly elliptical, it only informs that the part of the light that is polarized (i.e., the DOP) is elliptical. For example, in the case of horizontal pumping, no matter how circular the polarized contribution is, the output laser light will be virtually depolarized (DOP ~ 0.01). To account for the total ellipticity of the output emission one should resort to the DOCP or g lum . Using again as an example the previous case, the output laser light would have, in the best case, a DOCP ~ 0.02 (g lum ~ −0.04), i.e., just a 2% of elliptical polarization. On the contrary, the laser light generated by the vertical pump polarization, with a value of 2χ as modest as 0.1 rads, renders a DOCP ~ 0.09 (g lum ~ −0.18), i.e., it has a 9% global ellipticity. It is remarkable that the output light with the highest DOCP it is obtained with the highest levels of DOP (vertical pump polarization).
In order to check that the observed output light ellipticity was not due to an unknown intrinsic property of the achiral PM567, analogous experiments were conducted with two other dyes, Rhodamine 6G (Rh6G) and Pyridin 1 (or LDS698), both dissolved in ethanol. Rh6G is photophysically analogous to PM567 (narrow bands, small Stokes shift, nanosecond fluorescence lifetime, parallel absorption and emission dipole moments, and absorption and emission taking place from the same spatial location), whereas LDS698 -intramolecular charge transfer dye 33 -is photophysically dissimilar to both PM567 and Rh6G (broader bands, huge Stokes shift, subnanosecond lifetimes, non-parallel absorption and emission dipole moments, and absorption and emission taking place from different spatial location). As seen in Table 1 , the laser emission registered from all the selected dyes always presents a given level of ellipticity that changes with the pump polarization state. These results pinpoint to a non-inherent property of the dyes as responsible for the CP-laser light generation.
Discussion
It is widely recognized that the intense laser pump radiation in dye laser systems induces an anisotropy in the solution that affects the polarization state of the amplified laser radiation [34] [35] [36] [37] [38] . This anisotropy is induced by two different effects, a phase anisotropy due to a difference in refractive indices "feel" by the different cavity modes, and an amplitude anisotropy due to a dissimilar amplification of them. Most experimental works thoroughly studying the laser induced anisotropy have been carried out in amplifiers [34] [35] [36] [37] [38] . On the other hand, the existing experimental works dealing with the oscillator only focused on the output intensity and the degree of polarization 26, [28] [29] [30] [31] [32] , and the complete picture has only been dealt theoretically 35 , with no quantitative results available, hence the relevance of the present work. Degree and orientation of polarization (DOP and 2ψ). The observed trend of DOP, which is fully consistent with previous reports 27, 28 , can be unambiguously explained attending to the orientation anisotropy of the excited molecular dipoles upon pumping (Fig. 4a) . Only the molecules whose absorption dipole moments unit vectors e d are properly aligned with the electric field E p of the pump radiation will be excited. The probability of being excited will be then proportional to |E p ·e d | 2 , i.e., it will be proportional to cos 2 ϑ, where ϑ is the dihedral angle formed by the absorption dipole moment and the electric field vector (see Supplementary Notes for a detailed description). Once the molecules have been excited, they must rotate so that their emission dipole moment is coupled to any of the cavity modes, i.e., perpendicular to the resonator axis and lying in the ZY plane. For example, when the pump polarization is linear vertical (along the Z-axis), most excited molecules already lie perpendicular to the cavity axis (Fig. 4a) and can emit before rotation relaxation is effective. As they are mainly vertically oriented, most of the emission will be vertically polarized, rendering a DOP reaching unity with a value for 2ψ close to π, as can be seen in Fig. 3b . On the contrary, when the pump polarization is linear horizontal (along the X-axis), not only none of the dipole moments lie in the ZY plane, but they are mostly perpendicular to it (Fig. 4a) , and hence they must rotate to couple to a cavity mode. After rotation, the probability of being aligned with the Z-axis and the Y-axis is the same, and hence the intensity in any of these two modes will be the same. In other words, the emission will be mostly depolarized (DOP ~ 0) and the orientation of the polarization ellipse will be difficult, if not meaningless, to define. Pumping with linear polarization 45° and circular polarization are intermediate cases (Fig. 4a) , giving values of DOP ~ 0.5-0.6, and orientations 2ψ close to π, as the rotation towards the Z-axis is shorter than that towards the Y-axis. Of course the previous reasoning is only valid provided the absorption and emission dipole moments are parallel 27 . The increase of DOP with the pump energy is related to the molecular rotation that takes place upon excitation. If the rotational relaxation rate γ rot (inverse of time the molecule needs to randomize its orientation) is larger than the emission rate γ em = σ st ·I L /(hν l ) (σ st is the stimulated emission cross section, I L is the intracavity laser intensity, h is the Planck constant, and ν l is the laser frequency), the molecules will have time to rotate before emitting, thus randomizing the dipole moment orientation and reducing, consequently, the DOP. When γ rot  γ em the opposite is true, and the molecules are "effectively" frozen. Hence, for low pump energies γ rot > γ em , and the emission tends to be less polarized, as is clearly shown in Fig. 3b . As the pump intensity grows the laser intensity increases (see Fig. 2 ) and, consequently, so does γ em , eventually becoming larger than γ rot at pump energies above 3 mJ. Small molecular systems in liquid solvents (such as PM567 in EtOAc) depict a rotation time of tens to hundreds of picoseconds 39 . The use of solvents in which the rotation time takes significantly longer, like more viscous solvents or polymer matrices, allows reaching γ rot rate smaller than γ em irrespective of the pump energy. Accordingly, PM567 (5×10 −4 M) in a mixture of EtOAc and PMMA at a wt/wt proportion 40:60 -enough to render a viscous solution without modifying the photophysical properties of the dye-exhibits, irrespective of the pump polarization, DOP slightly higher than in neat EtOAc ( Table 1) .
Ellipticity of polarization (2χ).
The oscillation behaviour observed for 2ψ and 2χ finds an explanation again in the orientation anisotropy of the excited molecular dipoles. As explained before, the pump radiation excites preferentially molecular dipoles that are aligned with its electric field vector (Fig. 4a) . Consequently, the molecules remaining in the ground state will present an orientation anisotropy that is conjugated with respect to that of the excited molecules. This, in turn, renders an absorption orientation anisotropy. Since the real and imaginary parts of the medium susceptibility are connected by a causality relationship (Kramers-Kronig relations, see Supplementary Notes), the presence of an absorption orientation anisotropy will causally translate into a refractive index orientation anisotropy, i.e., an optical birefringence is induced. This birefringence is responsible for the phase anisotropy, in which each cavity mode travels at a different speed within the medium, giving place to a given phase delay between them.
As can be appreciated in the qualitative representation of Fig. 4b , the transversal pumping (parallel to the Y-axis) gives place to a very distinctive refractive index distribution. Irrespective of the particular pump polarization, the active medium becomes a sort of uniaxial "crystal" in which the refractive index of one axis (extraordinary) is different from that of the other two ordinary axes (i.e. n i ≠ n j = n k ). Whereas the three linear pump polarizations generate negative uniaxial media (n e < n o ), the circularly polarized pump generates a positive uniaxial medium (n e > n o ). Nevertheless, as the laser light travels along the cavity optical axis, it "feels" a negative uniaxial medium with the fast axis (that with the lowest refractive index) parallel to the Z-axis irrespective of the pump polarization. Hence, the effective fast axis orientation is always perpendicular to both the incident direction of the pump beam and the cavity axis.
Once the birefringence Δn has been set up in the dye solution, it behaves as an effective linear retarder with retardance Γ and fast axis oriented a given angle θ L . Hence, any partially polarized light propagating in it will see its polarization state modified 40 . Unlike chiral dyes, that emit elliptically polarized radiation, common dyes such as the ones used in these experiments emit photons that are linearly polarized. Hence, the light that is generated and amplified in the laser cavity is linear, but it acquires a certain level of ellipticity as it travels through the dye solution, explaining the values of 2χ measured with our polarimeter (Fig. 3) . Of course, the real picture is much more complex, as the molecules randomize their orientation through thermalization and rotational-relaxation, thus modifying the strength of the anisotropy with time. On top of this, the density of population in the excited-state, and in turn the refractive index variation, depends on the pump energy, position within the solution, and time 35 . This complex and multiparametric dependant refractive index anisotropy may explain the surprising oscillation behaviour shown by 2ψ and 2χ (Fig. 3) .
If the dye solution behaves as an effective linear retarder with retardance Γ, an inversion of the beam propagation direction would generate light with an opposite circularity. To check this fact, we repeated the experiment leaving the pump geometry unchanged, but moving the mirror (and the polarimeter) to the other edge of the cavity (see Supplementary Fig. S4 ). As summarized in Table 2 , with this "inverse cavity" the DOP is unchanged, whereas the value of 2χ (and of g lum ) is opposite to that obtained with the "normal cavity", confirming the above reasoning.
Finally, to check that the effective linear retarder fast axis orientation angle θ L is determined by the pump incidence angle, we repeated the experiment leaving the pump geometry and the cavity configuration unchanged, but tilting the cuvette towards the pump and away of the pump (see Supplementary Fig. S4 ). The DOP and 2χ (and g lum ) are not modified by this tilting (Table 2) , and only the polarization orientation 2ψ is slightly modified. This modification comes from the beam deviation exerted by the cuvette walls due to refraction (see Supplementary  Fig. S5 ). This last experiment confirms that the fast axis orientation is determined by the normal of the pump beam incidence direction.
Conclusion
In summary, we have performed a complete polarimetric characterization of the polarization state of conventional dye laser oscillators as a function of different experimental parameters (pump energy and polarization, active medium viscosity, cuvette orientation). We have shown that the generated light always possesses a certain level of circularity that changes in a distinctive way with pump energy and polarization. This reveals the need of using an adequate polarimeter to study the polarization properties of dye lasers. The origin of this ellipticity arises from the dynamic birefringence induced by the strong and polarized laser pumping and the subsequent orientation anisotropy of the excited molecular dipoles. These results demonstrate that it is possible to generate and modulate CP laser light from efficient and photostable conventional laser dyes without the use of extracavity polarizing elements, and without resorting to chiral dyes, chiral liquid crystal matrices, or interferometric methods. In conclusion, our strategy opens new avenues for developing cost-effective and easily processable chiro-photonic elements and media, in particular for optofluidic lasers 41 .
Methods
Materials. Dyes PM567, Rhodamine 6G and LDS 698 were laser grade and purchased from Exciton. Solvents from laser studies were spectroscopic grade (Merckel, Aldrich or Sigma) and were used without purification. Poly(methyl methacrylate) (PMMA) of 25,000 molecular weight (Polysciences, Inc.) was used as purchased. Experimental set-up. A sketch of the experimental set-up used in this work is depicted in Fig. 1 . The dyes dissolved in organic solvents were placed in 1 cm optical path quartz cuvettes and optically pumped at 532 nm with a frequency-doubled Q-switched Nd:YAG laser (Lotis TII SL-2132) emitting pulses 20 ns full width at half maximum (FWHM) and operated at 15 Hz repetition rate. Pump energy was measured with a calibrated pyroelectric energy meter (ED200, GenTec). The pump laser radiation was horizontally polarized, which allows controlling the pulse energy incident on the sample by insertion into the pump beam path of a half-wave plate (HWP) and a linear polarized (LP) set with its polarization axis horizontal or vertical, depending on the desired final pump polarization. By rotating the HWP, the linear polarization of the input beam is rotated out of the horizontal, and the pump beam is blocked more or less by the LP, depending on the rotation angle introduced by the HWP. To obtain a circularly polarized pump beam a quarter-wave plate (λ/4 retarder) was placed after the LP. In the transversal pumping configuration measurements, the light incident on the sample was perpendicularly to the surface of the cuvette and focused onto that surface in a stripe shape of ∼ 300 μm width by a combination of negative (NCL) and positive (PCL) cylindrical quartz lenses (f = −15 and +15 cm, respectively) perpendicularly arranged. The oscillation cavity (2 cm length) consisted of a 90% reflectivity aluminium back mirror and the end face of the cuvette as output coupler. A beam splitter was used to send a reflection of the pump beam into a photo-diode acting as the trigger. The trigger signal was fed to a boxcar (Standford Research, model 250) to convert it to a delayed TTL pulse to trigger the digital oscilloscope (Yokogawa, model DL1620). The photo-diode signal was also sent to the oscilloscope and used as reference signal to monitor and control the pump energy along the experiments. To analyze the polarization degree and state of the dye laser emission we tailored a polarimeter based on a Fresnel rhomb, acting as a quarter-wave plate, combined to a linear polarized (Thorlabs LPVISB100-MP) and a pyroelectric energy meter, which signal was registered with the oscilloscope.
Polarimetry measurement protocol and calibration. A stringent measurement protocol was devised to guarantee a good accuracy on measuring 2χ. A single energy measurement (each point in Fig. 3a ) was averaged over 32 pulses. For each analyzer angle θ, 10 energy measurements were acquired. This protocol enables an accuracy of ±5 mrad. To calibrate the Fresnel rhomb fast axis orientation β, we placed a linear polarizer between the dye laser cavity and the polarimeter, and fitted equations (2) and (3) (with S 3 set to zero and leaving S 0 , S 1 , S 2 , and β free) to the sets of data without and with λ/4 retarder, respectively. This procedure renders a fitted value of β ~ 93.76° ± 0.01. See Supplementary Notes for a more detailed description.
